117 Fast dose modulation in proton therapy with continuous line scanning  by Klimpki, G. et al.
S56  ICTR-PHE 2016 
 
References: 
[1] Jones KC, Witztum A, Sehgal CM, & Avery S (2014) Proton 
beam characterization by proton-induced acoustic emission: 
simulation studies. Physics in Medicine and Biology 
59(21):6549-6563. 
[2] Assmann W, et al. (2015) Ionoacoustic characterization of 
the proton Bragg peak with submillimeter accuracy. Medical 
Physics 42(2):567-574. 
 
115 
Water based 3D optical dose imaging for particle therapy 
O. Kavatsyuk1, M. J. van Goethem1,2, A. A. van ‘t Veld2, S. 
Brandenburg1 
1 KVI-CART, University of Groningen, Groningen, Netherlands 
2 Department of Radiation Oncology, UMCG, Groningen, 
Netherlands   
 
Purpose: Scanned ion-beam delivery offers the highest 
conformation of target dose in external beam radiotherapy. 
However, fast and accurate patient-specific quality assurance 
is challenging. The current clinical standard for verification 
of dose distributions with a 2D array of ionization chambers 
(ICs) is slow and not very suitable for dose delivery using 
scanned ion-beams because the response of the ICs is not 
necessarily independent of beam size and position with 
respect to the IC. 
At present, no suitable method for rapid verification of dose 
distributions for scanned ion-beam delivery is commercially 
available.  
 
Figure 1. A. Imaging principle: raw 2D image measured with a 
360 MeV 4He-beam. B. Schematic drawing of the set-up with 
the proton gantry nozzle. 
 
Materials/methods: We are developing a fast QA technique 
based on the UV light produced by swift ions in water 
(Fig.1A). Using fast, UV sensitive CCD cameras we measure 
the light distributions from which the dose distribution is 
reconstructed [2]. The system consist of a water tank in 
which ion beams are stopped and low noise, high sensitive 
CCD cameras (Fig.1B), which register the light distribution 
produced by each of the many subsequent ion beams that 
compose the treatment plan. Data can be taken in two 
modes: integral and differential (synchronized with beam 
delivery), thus allowing the detailed reconstruction of the 
contribution of each individual beam to the dose distribution.  
Results: We have built a prototype optical dose imaging 
system to demonstrate the potential of this method for 3D 
dose scanning in clinical conditions (to verify actual 
treatment plans in particle therapy clinics). We 
demonstrated the feasibility of optical imaging of the full 3D 
dose distribution in water with a small (<1% by weight) 
admixture of a nontoxic , low-cost fluorescent emitting 
visible light. In experiments with 90 MeV proton beams 
approx. 50 photons/MeV were produced in the solution, 
allowing for high quality imaging. Bragg curves measured in 
pure water show a good agreement with those of an 
ionisation chamber, while those measured with the 
fluorescent show some concentration dependent quenching. 
Conclusions: The presented novel method resolves the issues 
of the QA techniques currently used in particle therapy: it 
has high position resolution in three dimensions, features 
direct measurement in the reference material water, and is 
fast as the whole dose distribution is imaged in a single dose 
delivery.  
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Chronic low-dose rate irradiation has been shown to be 
beneficial in a variety of animal models including cancer. To 
assess the specific transcriptional changes that tumor-bearing 
mice would have manifested upon LDR in comparison with 
that of normal mice undergoing LDR irradiation, we 
investigated the expression of DNA repair and damage-
associated genes in the thymus of naturally occurring tumor-
bearing AKR/J and normal ICR mice following low-dose-rate 
(LDR, Cs-137, 0.7 mGy/h, a cumulative dose: 1.7 Gy) 
irradiation. Thymuses were collected at 100th day post 
irradiation and analyzed using whole-genome microarray, 
quantitative reverse transcription polymerase chain (qPCR), 
and western blot. The thymus weight was decreased and 
survival rate was increased in LDR irradiated AKR/J mice 
while no significant changes were found in normal ICR mice. 
qPCR analysis demonstrated Serpina1a, Mmp3, Gzmc, Neil2, 
Plxnc1, Rnd3, Cyp11a1, Ptgs2 were specially altered in LDR-
irradiated AKR/J mice but not in ICR mice. By performing 
Western blot, we found that Plxnc1 and Rnd3, genes involved 
in suppression of melanoma progression, were upregulated 
while Cyp11a1, a gene contributes to tumor immune escape, 
was downregulated in LDR-irradiated AKR/J mice, but not ICR 
mice. These results suggest that LDR γ-radiation suppressed 
early stage of carcinogenesis and removed cancer cells from 
body by stimulating apoptosis and immune-mediated 
mechanisms. Therefore, LDR may offer significant benefit for 
the patients with solid cancer, which has traditionally been 
thought to be a relatively radiotherapy-resistant tumor. 
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Purpose: The accuracy of scanned proton therapy suffers 
from respiratory or cardiac motion during irradiation: The 
discrete scan pattern can interfere with the induced motion 
of the target yielding regions of over- and underdosage [1]. 
Applying the same field multiple times with proportionally 
reduced dose – commonly referred to as rescanning – can 
help averaging out such interferences [2]. However, dead 
ICTR-PHE 2016  S57 
 
times in delivery accumulate with increasing number of 
rescans for all discrete scanning techniques, especially for 
spot scanning. Thus, efficient rescanning requires fast lateral 
scanning; yet the flexibility to deliver highly modulated fields 
must be preserved. For this purpose, we pursue the 
implementation of a novel delivery technique, in which we 
scan the beam continuously along straight lines while quickly 
modulating the scan speed and/or beam current to shape the 
dose profile [3]. 
Method: Our Gantry 2 beamline provides the necessary 
prerequisites for this technique: (a) the extracted cyclotron 
current can be adjusted in less than 1 ms [4] and (b) the 
proton beam can be scanned with up to 2 cm/ms in lateral 
direction [5]. Thus, the frequency of speed and current 
modulation along a line can be remarkably high, which allows 
us to deliver both uniform and highly modulated fields. To do 
so, we divide each iso-energy layer in parallel lines and each 
of those lines in small segments (sub-mm resolution). The 
planned dose profile defines the scan speed and beam 
current of each segment. Since delivery accuracy strongly 
depends on the stability of the beam current, we installed a 
feedback system, in which the current measured in the 
gantry nozzle controls the output of the cyclotron in real-
time. 
Results: We found that scan speed modulation is favorable 
over beam current modulation for two reasons: (1) accuracy – 
we can control the scanner magnets with higher precision 
and shorter response time than the extracted cyclotron 
current – and (2) efficiency –  scanning lines with a high 
current minimizes the overall beam-on time. Thus, the beam 
current is set to its maximum and lowered only in regions, 
where pure speed modulation fails to decrease the delivered 
dose sufficiently. This preserves full flexibility on dose 
modulation. We verified this approach by comparing highly 
modulated dose profiles delivered with both spot and line 
scanning (cf. figure 1). While the lateral penumbra of the 
line scan is slightly worse (less than + 0.1 mm on both sides), 
its delivery time is 20% smaller. We expect the reduction in 
delivery time to be even larger when rescanning multiple 
times. 
Conclusion: Line scanning is a fast scanning technique that 
offers the possibility to deliver arbitrary dose distributions by 
quickly modulating the scan speed and beam current. Thus, 
we consider line scanning a well-suited technique to realize 
efficient and accurate rescanning of moving tumors. 
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Cancer treatment in hadron therapy facilities equipped with 
pencil beam scanning (PBS) is based on delivering each 
energy layer,  spot by spot in the plane perpendicular to the 
beam axis. Uniform and robust treatment plan depends on 
the correct values defining horizontal and vertical spot size 
(i.e. σx, σy) introduced to the Treatment Planning System 
(TPS) like Eclipse (Varian). In  TPS these values are, however, 
assumed to be constant for a given layer, moreover the 
influence of the spot rotation on the spot dimensions is not 
taken into account (Fig.). The purpose of this study was to 
propose criteria of spot asymmetry within which target dose 
conformity is preserved. 
In the Eclipse for Proton TPS a conformal field of 
3 x 3 x 3 cm3 was planned to cover the whole target volume 
with at least 95% dose. A dedicated tool was developed to 
convert the treatment plan into the simulation input file.  
Simulations were performed with FLUKA transport code [1,2] 
with uncertainty level kept below 1%, by using computational 
PL-Grid Infrastructure. 
Dedicated beam model for proton scanning beam in the 
gantry-1 room at the Bronowice Cyclotron Centre (IFJ 
Kraków) was used. Preserving the 2D Gaussian spot shape 
(volume integral) and spot weight, spot σ up to 50% and spot 
rotation up to 45° were investigated. 1D and 2D analysis of 
dose distribution was carried out. 
For asymmetrical spots field width differences were observed 
together with larger lateral penumbra (the factor of 1.5 
obtained for maximal spot asymmetry), which resulted in 
target volume decrease [3]. Perturbed field flatness did not 
exceed the accepted level of 5% difference. By spot rotation 
implemented to all spots whole target region skewness was 
observed. 
The tool for treatment plan conversion into a Monte Carlo 
input file has been created to consider spot deformation 
indistinct to the TPS dose calculation. Observed field dose 
non-uniformity may be the origin of hot and cold spots inside 
and outside the target volume. Considered spot asymmetry 
criteria allow to preserve optimal target dose distribution 
with regard to the spot size changes. As such spot 
deformation can differ for different gantry angles, accurate 
gantry-angle-dependent spot shape measurements with 2D 
detectors such as films or 2D foils are considered. 
 
